An electrochemical sensor for H 2 O 2 determination was prepared by electrodepositing copper oxide nanoparticles on the activated pencil graphite electrodes. At first, a study has been made of the optimum conditions for chemical activation of the pencil graphite electrodes (APGE) and then the activated pencil graphite electrode was modified with copper oxide nanoparticles (CuO/APGE) and used as a non-enzymatic hydrogen peroxide sensor. The morphology of the modified electrode surface was investigated by scanning electron microscopy (SEM). Upon the addition of H 2 O 2 , the modified electrode (CuO/APGE) exhibits significant oxidation of H 2 O 2 with starting potential around +0.05 V (vs. Ag/AgCl) which dramatically decreases the overpotential of H 2 O 2 oxidation. Under the optimal experiment conditions, the electrocatalytic response current of this sensor was proportional to the H 2 O 2 concentration in the range of 5.0 × 10 −6 to 1.6 × 10 −3 mol L -1 with a detection limit down to 0.21 µmol L -1 (signal/noise = 3). The sensitivity was calculated to be 4.75 µAL mmol -1 . The electrochemical active surface area and the catalytic rate constant of hydrogen peroxide electro-oxidation were calculated. The H 2 O 2 sensor exhibited a low detection limit, a good signal reproducibility (relative standard deviation (RSD), n = 4) 2.36% and the accurate measurements in milk as the real sample.
Introduction
Hydrogen peroxide is an important chemical because it has attractive features like anti-bacterial property, decolorizing and oxidizing agent. 1 Widespread application in biology, as a product of oxidase-catalyzed reactions, industry and food make H 2 O 2 as an attractive chemical to develop reliable and rapid detection methods for accurately monitoring of its concentration. Moreover, outstanding application in fuel cells as a carbon-free energy carrier and a strong oxidant in direct peroxide-peroxide fuel cell was recently developed. 2 Various detection methods for hydrogen peroxide determination have been developed. [3] [4] [5] Among them, the electrochemical method is preferable for its simplicity, high sensitivity and low detection limit. Considering the high catalytic activity and selectivity of enzymes for certain reactions, various enzymatic electrochemical biosensors have been constructed for the detection of hydrogen peroxide with excellent sensitivity, high selectivity and rapid response, 6 but the sensitivity of these sensors can be easily affected by temperature, pH value, humidity and toxic chemicals. Fabricated enzymatic sensors suffered greatly from the chief drawback of poor instability due to the intrinsic nature of enzymes. To solve this problem, the non-enzymatic sensors based on the direct oxidation of hydrogen peroxide have been explored for practical applications. 7 Due to good reproducibility, low cost, fast response, high sensitivity, low detection limit, and high stability in aggressive environment, non-enzymatic amperometric sensors for direct determination of hydrogen peroxide have attracted considerable attention. 8 At the opposite, one of the key problems in determination of non-enzymatic hydrogen peroxide is its high overpotential on the ordinary electrodes. Thus, the exploitation of new electrocatalyst with low overpotential has been intensively investigated during the past several decades.
Electrochemically active nanomaterials consisting of platinum, 9 gold 10 and carbon nanotubes [11] [12] [13] have been extensively studied for the electrochemical sensors, because they have large surface-to-volume ratio and increased catalytic activities. Of these, CuO nanomaterials are one of the promising candidates for the active electrode material due to their distinctive properties such as high stability and good electrical properties. Different synthetic methods have been studied for the preparation of CuO nanoparticles with various morphologies, including nanowire, nanosheet, nanorod, and nanoflower. 14, 15 Although most of metallic Cu 0 nanomaterials are not stable enough to be used for electroanalysis because they are easily oxidized in air or aqueous solution, chemically more stable CuO nanomaterials have been studied for various applications including electrochemical H 2 O 2 sensors. 11 The interesting occurrence of the growth of CuO nanowires during the in situ oxidation of copper in air has been reported intensively. 16 Although this method can be categorized as a low cost method, it requires high temperature, high pressure, complex additives and long reaction time. 17 The development of low-cost and sensitive electrodes for various electroanalytical applications is interested. The pencil graphite is easily accessible and useful material to prepare the modified electrode. The attractive property of a pencil graphite electrode (PGE) is its higher level of porosity compared to the glassy carbon electrode. Indeed, better intrinsic characteristics of the pencil graphite are attributed to its composite, consisting of graphite, polymeric binder and other additives (like clays). 18 Indeed, the electron transfer properties of carbon electrodes can be improved by some types of pretreatment, which can be called the electrode "activation". The term "activation" has been used frequently to describe procedures for increasing the reactivity of carbon electrodes, often for the purpose of detecting a specific analyte. "Activation" can be involved in more than one mechanism in terms of its effects on the electrode surface. 19 Many "activation" procedures are in fact cleaning steps and used to remove surface layers resulting from handling or impure materials used for polishing. Frequently, electrochemical oxidation or reduction in various media has long been used to "activate" carbon electrodes. Şentürk and co-authors 20 applied a potential of +1.4 V vs. Ag/AgCl for 60 s on the PGE surface in the selected supporting electrolyte without stirring to obtain a more sensitive and stable analytical signal. In another work, Özcan 21 used synergic effect of chemical and electrochemical activation to activate the PGE.
Here, a new chemical activation method for the pencil graphite electrode was presented. Indeed, the PGE was chemically activated by stirring in an ethanolic HCl, which has been selected through an optimization method. Then, porous surface of the PGE was decorated with CuO nanocubes to promote electron transfer rate. This means that at the first step, the surface of the PGE was activated by the soltion of ethanolic HCl 0. 
Experimental

Reagents and apparatus
Hydrogen peroxide, ethanol, hydrochloric acid, copper sulfate, sodium sulfate, sodium hydroxide and phosphoric acid were purchased from Merck (Darmstadt, Germany). Double distilled water was used for the preparation of all solutions.
The pencil graphites were purchased as pencil lead from Rotring Co. Ltd. (Germany, R 505210N of type H). The diameter of all the pencil leads were 2.0 mm. All electrochemical experiments were performed using a micro Autolab potentiostat/galvanostat 101. The utilized three-electrode system was composed of modified APGE as the working electrode, Pt wire as a counter electrode and the potentials were measured versus Ag/AgCl (KCl 3 mol L -1 ) reference electrode. Scanning electron micrograph (SEM) of the PGE, APGE and the modified electrode were performed by using TESCAN/Vega3. Electrochemical impedance spectroscopy (EIS) measurements were performed by a Zahner Ennium potentiostat/galvanostat equipped with Thales USB software.
Preparation of the working electrode
The body of the pencil lead was tightly coated with a teflon band and the surface of the pencil lead was polished on a sandy paper and weighing paper to a smoothed finish before each use then rinsed with distilled water. Electrical contact with the lead was achieved by bonding a metallic contact to the working electrode. The pencil lead was fixed vertically and immersed in the solution in which the contact was only achieved via the cross section of the lead. Figure S1 ). The anodic peak can be attributed to the oxidation of Cu 2 O and CuOH to CuO, while the cathodic peak can be attributed to the reduction of CuO into Cu 2 O. During the cyclic potential scanning, all redox peak currents decreased, suggesting that CuO were formed during the CVs. The mechanism of oxidation in NaOH media is shown below: 22, 23 Cu
Finally, the electrode was rinsed with water. The prepared modified electrode was named as CuO/APGE.
Results and Discussion
Selection of supporting electrolyte for activation of the PGE To select the best electrolyte for activation of the PGE, K 3 Fe(CN) 6 was used as a known electrochemical probe. The peak currents and the separation of reduction and oxidation peaks potential were investigated as a monitoring factor. 19, 24, 25 The oxidation peak current of the voltammetric responses of the APGE in different solution divided on the oxidation peak current of the unmodified PGE was given as an enhancement factor (equation 4). Also, the peak to peak separation was studied to investigate the reversibility of the modified electrodes. Figure 1 shows that a binary mixture of ethanol HCl 0.1 mol L -1 is a genuine nice enhancement factor. In consistence with enhancement factor, peak to peak separation has the least value in a binary mixture of ethanol HCl 0.1 mol L -1 ( Figure 1 ). Although using an anodizing step can improve the response slightly, this step was ignored because stirring in ethanolic HCl achieves a higher efficiency. The HCl concentration in ethanol was also optimized (data not shown). The concentration of 0.1 mol L -1 was chosen as the optimum value for HCl in the subsequent experiments.
(4)
The actual mechanism of carbon electrode "activation" is still open to question; obviously, activation of pencil graphite surface is possible but the influence of the inert material, the pasting liquid in carbon paste electrodes, for example, must be taken into account. 26, 27 We believe, however, that it is possible to stress the influence of the inert material too much and to de-emphasize the role of the carbon surface when interpreting the observed changes caused by the activation. 25 In PGE, removal of the pasting liquid probably does make more "active" sites available.
The surface characterization of the CuO/APGE
The morphology of PGE, APGE and CuO/APGE was studied by scanning electron microscopy characterization. As can be seen, the untreated PGE showed smooth surface morphology (Figures 2a and 2b) , whereas APGE demonstrated the porous structure (Figures 2c and 2d) , indicating that the chemical treatment process increased the surface roughness. This may arise from the breaking of the graphite layers into smaller parts during the chemical treatment process and it can be concluded that the chemical treatment increased the surface roughness. The cubic copper oxide particles are clearly visible on the porous PGE surface (Figures 2e and 2f) . The average diameter of the electrodeposited particles was about 100 nm.
Electrochemical impedance spectroscopy was used to investigate the charge transfer property of the Fe(CN) 6 3−/4− redox couple at the bare and the modified APGE. The Nyquist plot of the EIS includes a semicircular part at high frequencies which refers to the electron-transfer limited process and a linear part at low frequencies which refers to the diffusion limited process. The diameter of semicircular portion is equal to the charge transfer resistance (R ct ), which shows the kinetic of electron transfer of the redox probe at the electrode interface. Figure 3 demonstrates that the R ct value dramatically decreased after ethanolic HCl treatment. As expected, carbon electrodes, often for the purpose of detecting a specific analyte, need some types of pretreatments. The R ct value was changed significantly by deposition of CuO nanocubes on the APGE.
In consistence with EIS results, cyclic voltammogram of Fe(CN) 6 3-/4-before and after deposition of CuO was illustrated in Supplementary Information ( Figure S2 ). As can be seen in Figure S2 , Fe(CN) 6 3-/4-has a reversible behavior with the peak to peak separation of about 70 mV and i a /i c is equal to 1, on the surface of the CuO/APGE electrode. To investigate the electrochemical behavior of the modified electrode, cyclic voltammograms of the CuO/APGE were recorded in the pH range of 3.0 to 13.0 (Figure 4b) . The results show that increasing the solution pH the anodic and cathodic peak potentials of the electrode move to more negative potentials. The mean peaks potential (Eº´) at various pHs was calculated as the average value of the anodic and cathodic peaks potential of the voltammograms. As shown in Figure 4c , which indicates that the redox process is pH dependent.
Electrocatalytic oxidation of H 2 O 2
In this work, cyclic voltammetry was used to evaluate the electrocatalytic activity of the CuO/APGE towards H 2 O 2 oxidation. As shown in Figures 5a and 5b, there were no electrochemical response to H 2 O 2 on the surfaces of the bare PGE and also APGE in the applied potential window, while the CuO/APGE exhibits the oxidation response toward H 2 O 2 oxidation (Figure 5c ).
As illustrated in Figure 5d , by increasing the concentration of H 2 O 2 at the CuO/APGE, the anodic peak current increased, which indicates good electrocatalytic activity of CuO 23 For comparison, CuO was formed on the bare PGE and stabilized with cycling in NaOH. The CuO nanoparticles on the untreated PGE were not stable and a dramatic decrease was observed via cycling in the NaOH media. This result revealed the basic role of activated treatment on the PGE. This is due to the fact that APGE has a wide surface area and the copper nanoparticles could stand on these sites. determination, which is the perfect manner for quantitative determinations (Figure 6b) . Moreover, the oxidation potential was almost the same at scan rates below 50 mV s -1 , suggesting facile charge transfer kinetics over this range of sweep rates. On the other hand, it was found that at scan rates above 50 mV s -1 , the oxidation peak potential were increased with scan rate increasing. The values of oxidation potential are proportionate to the logarithm of the current (data not shown). Based on the Tafel theory, the transfer coefficient (α) can be estimated by measuring the variation of peak potential with current. 31 The transfer coefficient at scan rate 10 mV s -1 in the presence of 1.0 mmol L -1 H 2 O 2 was obtained as 0.53.
The chronoamperometry as well as other electrochemical methods was employed for investigation of electrode processes at the modified electrodes. Figure 7a 
where i c is the catalytic current of the CuO/APGE in the presence of hydrogen peroxide, i l is the limiting current in the absence of hydrogen peroxide and γ = kC 0 t, where C 0 is the bulk concentration of hydrogen peroxide (mol L -1 ), k is ) is the argument of error function. In treatments, it is assumed that hydrogen peroxide is present in large excess rather than Cu nanocubes, in addition where γ exceeds 2, the error function is almost equal to 1 and the above equation can be considered as follows:
Based on the slope of the i c /i l vs. t 1/2 plot (Figure 7c ), the mean value of k was found to be 33 . LOD was calculated using the relationship 3s/b, where s is the average of standard deviation of 4 measurements for the blank solution and b is the sensitivity calculated from the calibration curve slope (4.75 µAL mmol -1 ). For comparison, the performances of the CuO/APGE and the other hydrogen peroxide sensors reported in literature were listed in Table 1 . As can be seen in Table 1 , an outstanding feature of the developed sensor is the significant decrease in overpotential for hydrogen Interference study and real sample analysis
The selectivity studies are challenging problems for enzyme-free H 2 O 2 sensors in the presence of common interfering species, though the naturally coexisting interfering species are highly active at enzyme-free electrode systems. 40 The DP voltammetric response of the CuO/APGE to the consecutive addition of H 2 O 2 (0.4 mmol L -1 ) and potentially interfering species such as ascorbic acid, uric acid and glucose (0.4 mmol L -1 ) in 0.1 mol L -1 NaOH, were recorded. In practical conditions, glucose and uric acid did not disturb in the detection of hydrogen peroxide and ascorbic acid interference response is less than 3%. Indeed, the good selectivity can be attributed to dramatic decrease in electrocatalytic oxidation potential of hydrogen peroxide.
To demonstrate electrode suitability and potential application for sample analysis, the CuO/APGE was used for the determination of H 2 O 2 in ultra-high-temperature (UHT) processed milk. Hydrogen peroxide in milk samples presents as a result of enzymatic activity and works as an anti-bacterial agent. 41 While the amount of hydrogen peroxide in milk is lower than detection limit, the sample was spiked with various amounts of H 2 O 2 and a recovery test was performed ( Table 2 ). The recovery was about 97.5% by four replications suggesting that there was no interference from the complex matrix of milk.
Conclusions
In summary, a low potential electrochemical sensor was presented for hydrogen peroxide determination. A porous electrode with high surface area could be achieved by electrodeposition of CuO nanocubes on the APGE. The presented sensor is prepared in less than one hour with the lowest cost. The CuO-modified electrode displayed high electrocatalytic activity and fast response to hydrogen peroxide oxidation. This CuO/APGE electrochemical sensor has comparable analytical figures with other 
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